Spirodela polyrhiza is a fast-growing aquatic monocot with highly reduced morphology, genome size and number of protein-coding genes. Considering these biological features of Spirodela and its basal position in the monocot lineage, understanding its genome architecture could shed light on plant adaptation and genome evolution. Like many draft genomes, however, the 158-Mb Spirodela genome sequence has not been resolved to chromosomes, and important genome characteristics have not been defined. Here we deployed rapid genome-wide physical maps combined with high-coverage short-read sequencing to resolve the 20 chromosomes of Spirodela and to empirically delineate its genome features. Our data revealed a dramatic reduction in the number of the rDNA repeat units in Spirodela to fewer than 100, which is even fewer than that reported for yeast. Consistent with its unique phylogenetic position, small RNA sequencing revealed 29 Spirodela-specific microRNA, with only two being shared with Elaeis guineensis (oil palm) and Musa balbisiana (banana). Combining DNA methylation data and small RNA sequencing enabled the accurate prediction of 20.5% long terminal repeats (LTRs) that doubled the previous estimate, and revealed a high Solo:Intact LTR ratio of 8.2. Interestingly, we found that Spirodela has the lowest global DNA methylation levels (9%) of any plant species tested. Taken together our results reveal a genome that has undergone reduction, likely through eliminating nonessential protein coding genes, rDNA and LTRs. In addition to delineating the genome features of this unique plant, the methodologies described and large-scale genome resources from this work will enable future evolutionary and functional studies of this basal monocot family.
INTRODUCTION
The search for renewable feedstocks to sustain societal needs is a grand challenge for the 21st century. For example, biofuel feedstocks that provide complementary options to increase the portfolio of renewable biomass sources from traditional crops will accelerate the pace to displace our current dependence on fossil fuels. Duckweeds, of the family Lemnaceae, are aquatic, non-grass monocots endemic to most parts of the world, with productivity that can reach as high as 80-100 tons of dry mass per hectare per year, a value more than five times that of Zea mays (maize; Lam et al., 2014) . They are some of the fastest growing angiosperms in the world, and their aquatic habitat and small size make their cultivation and harvesting at large scales relatively straightforward. The Greater Duckweed, Spirodela polyrhiza, has the smallest genome of the duckweed family at 158 Mb (Wang et al., 2011; Bog et al., 2015) and propagates asexually through budding from its reduced leaf-stem (frond) structure (Figure 1a) . To unleash the great potential of duckweed as a new model plant as well as facilitating its domestication into a sustainable new crop using molecular breeding approaches, a reference genome of high resolution and fidelity would be essential.
An initial reference genome draft with about 209 coverage for Spirodela strain 7498 (Sp7498) was recently published, revealing that it has the fewest predicted genes of any known plant genome, at 19 623 (Wang et al., 2014) ; however, the 20 chromosomes remained in 32 unordered scaffolds with many small, unanchored contigs. Therefore, little was resolved concerning the structure of the Spirodela genome as well as the mechanisms that mediate its evolution. Although cytogenetic approaches with nonrepetitive sequences from mapped bacterial artificial chromosome (BAC) clones have been useful to help reveal some of the scaffold assembly errors, as well as to assist in the further fusion of the contigs into chromosomal
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(c) Figure 1 . Spirodela genome ordered into 20 chromosomes using the BioNano Genomics Irys platform (Irys). (a) Spirodela has a reduced plant form with a leaflike 'frond' structure. Frond clusters are composed of large 'mother' fronds attached to smaller 'daughter' fronds at the pocket, which harbor the asexually generated daughter fronds. Spirodela has roots below the surface of the water that are thought to play a role in floating dynamics. (b) The Irys platform of BioNano Genomics was used to produce nick-site genome maps for Sp7498 and Sp9509 strains of Spirodela. The amount of data collected and the statistics for each strain are shown. With genome coverage of over 1009 for each strain, the assembled contig sizes are 141-146 Mb, with an N50 of 1.01-1.02 Mb, respectively. Thus, the physical maps generated for the two strains of Spirodela are highly comparable. (c) Representative Irys-based view of structural variations (boxed areas) between Sp9509 and Sp7498 genomes. The genome map (blue) represents genome maps generated via Irys, whereas next-generation sequencing (NGS) maps (green and red) represent in silico nick-site maps produced from genome sequence assemblies. Regions shown inside the red boxes denote structure variations (SVs) between the two strains of Spirodela. NGSv1 and NGSv2 are, respectively, the genome draft assembled from Illumina sequencing data (~1009 coverage) of Sp9509 alone and the subsequently generated genome assembly produced by integration with the previously published genome draft of Sp7498. models (Wang et al., 2014; Cao et al., 2016) , this approach is laborious and time consuming, and its resolution is limited by the number of validated probes that can be deployed.
To overcome these limitations as well as to obtain genome-wide information on intraspecific variations between different Spirodela populations, we combined high-depth short-read sequencing and high-throughput genome mapping technologies to carry out comprehensive studies on the genome of S. polyrhiza strain 9509 (Sp9509). Using this strategy, we were able to rapidly resolve the Sp9509 genome de novo into 20 chromosomes, and leveraged high-throughput genomic data sets to improve its annotation as well as to empirically define the important features of this genome. The approach described here is a recipe for generating a high-quality genome assembly as well as a highly accurate and complete genome annotation. The Sp9509 reference sequence map enabled us to address outstanding questions regarding the correct number of transposable elements in the genome of this distant non-grass monocot, as well as to resolve typically undefined repeat regions such as those containing the rDNA and centromeric repeats. With a chromosome-level genome assembly, and using layered genomic data sets, our study reveals evidence that the Spirodela genome is undergoing reduction through purging transposable elements, reducing ribosomal DNA (rDNA) and gene content, and has low global DNA methylation levels that may be more conducive for rapid asexual growth while minimizing the sequence mutation rate that is manifest in the low levels of intraspecific sequence polymorphism observed.
RESULTS

Fast assembly of a high-fidelity chromosome sequence map for Spirodela
As plants in the duckweed family normally propagate asexually, we are interested to determine the level of intraspecific genome variations in S. polyrhiza accessions, in tandem with our efforts to generate a high-resolution reference genome sequence that will resolve the assembled sequences to its 20 chromosomes. With these aims, we chose strain 9509 (Sp9509) for its lower turion yield, a dormant form of the vegetative frond that is induced upon phosphate limitation (Kuehdorf et al., 2014) , and its geographic separation from Sp7498: Sp9509 originated from Germany, whereas Sp7498 was collected from North Carolina, USA. We took a three-tiered approach: first we deepsequenced Sp9509 using the Illumina platform to produce a high-quality draft assembly; second, we integrated the initial draft sequence assembly of Sp7498 with that of Sp9509 to merge scaffolds and contigs in both assemblies; and third, we used the Irys â System (BioNano Genomics, http://bionanogenomics.com) with genome mapping on nanochannels (Lam et al., 2012) to generate nick-site feature maps from both Spirodela strains for orienting and ordering the genome into 20 chromosomes. We generated 959 Illumina short-read coverage of the 158-Mb Sp9509 genome using two paired-end libraries (of 180 and 500 bp) and three mate-pair (MP) libraries (of 2, 5 and 20 kb). We then de novo assembled the genome using a combination of AllPathsLG (Butler et al., 2008) and SSPACE (Boetzer et al., 2011) for a high-quality draft containing 774 scaffolds with an N50 length of 4.3 Mb and a contig N50 length of 19 kb (Sp9509v1; Table S1 ). The Sp9509v1 assembly is similar in contiguity as that of the published Sp7498v2 (N50 length 4.8 Mb; Table S1 ), which was sequenced with a combination of 454 technology, fosmids and BAC ends to about 209 coverage (Wang et al., 2014) . The Sp9509v1 assembly had fewer Ns (7.7% versus 12%) and a slightly larger contig N50 length (19 kb versus 18 kb) as compared with the Sp7498v2 assembly; but in general these draft assemblies are of similar quality and contiguity.
The Sp7498 genome was assembled using both fosmids (~40-kb inserts) and BAC ends (~100-kb inserts), suggesting it may have contiguity not found in the Sp9509v1 genome draft, which was scaffolded with 20-kb MP sequence reads. Therefore, we aligned the scaffolds of the two assemblies using high confidence gene predictions to generate positional anchors ( Figure S1 ). The Sp7498 assembly was used to identify Sp9509 scaffolds that could be joined into larger structures, and vice versa. The alignment also revealed conflicts between the two drafts and identified potential sites of mis-assembly in each. We identified 40 scaffolds in Sp9509 that could be linked, and validated putative joins using genomic DNA (gDNA) PCR (Figures S2a-c) . The resulting v.2 assembly (Sp9509v2) with new joins validated by gDNA PCR had 23 super-scaffolds of more than 1 Mb each, and an N50 length of 5.8 Mb (Figure 2b ; Table S1 ). Sp9509v2 approaches the expected 20 chromosomes of the 1n genome of Spirodela (Wang et al., 2014; Bog et al., 2015) .
To further close gaps in our sequence assembly and also independently validate our assembled genome model from high-throughput sequence reads, we sought to produce a high-resolution physical map of the Sp9509 and Sp7498 genomes. We generated deep coverage physical maps using the BioNano Genomics Irys â System, which linearizes single DNA molecules through nanochannels, by motif-specific DNA nicks that are used to label across DNA fragments and enable the rapid creation of a high-density physical map of the genome (Lam et al., 2012) . We successfully generated genome-wide nick-site maps from both Sp7498 and Sp9509 strains with N50 lengths of 1.02 and 1.01 Mb, respectively (Figures 1b, c and S3 Table S1 ). When we leveraged the combined Irys genome map data from both accessions, which provided 2509 coverage of the genome, we further resolved the Sp9509 genome into 20 chromosomes with an N50 length of 7.6 Mb (Sp9509v3; Figure 2d ; Tables 2 and S1 ). These results illustrate the utility of genome-wide physical mapping to close final genome assembly gaps de novo. We found that the chromosome-resolved Sp9509v3.0 gave the highest CEGMA score of 98.38%, which is approaching that of the well-analyzed Arabidopsis thaliana and Brachypodium distachyon genomes, at 99.60 and 99.19%, respectively ( Figure S7 ). Irys-generated genome maps also provide a great opportunity to assess genome features, such as structure variations (SVs), and the structure of high copy-repeat regions of the genome, such as the rDNA clusters that are present in all eukaryotes (Figures 1c and 3) . Although sequence variation and heterozygosity levels are very low in Spirodela ( Figure S4 ; Table 3 ), we were able to identify 96 high-confidence SVs between the Sp7498 and Sp9509 Irys genome maps, ranging in size from 1000 to 100 000 bp ( Figure 1c ; Table S2 ). Sequence-level inspection of the SVs revealed that the majority of these are the result of multiple large and small INDELs, which would not be detected by using short reads to identify variations. Furthermore, in the raw BioNano-generated single molecules we identified a 9.32-kb repeat with nick sites spaced at intervals of 4.09 and 5.23 kb (Figure 3a ). This repeat is consistent with a cloned 18S-5.8S-26S rDNA cluster from S. polyrhiza (Figure 4) , and only one region with this repeat structure was identified on the end of Figure 2 . Chromosome end-to-end genome assembly de novo enabled by high-depth next-generation sequencing (NGS) and BioNano maps. BioNano genome maps (blue) were generated for both Spirodela strains 9509 (Sp9509) and 7498 (Sp7498), and aligned with the genome assemblies (green) produced by NGS. (a) Sp9509v1 genome assembly based solely on Illumina paired-end and mate-pair sequences. (b) Sp9509v2 scaffolds (green) were ordered and PCR-validated based on integration with the Sp7498v2 assembly. (c) Sp7498v2 (green) is the published version of the genome (Wang et al., 2014) . (d) Sp9509v1 (red) scaffolds were aligned with Sp7498 (blue) scaffolds using Blastx to identify potential scaffold joins in Sp9509v1. The potential joins were validated by PCR (green dot). BioNano-generated genome map data (Irys; purple brackets) further merged scaffolds, resulting in 20 chromosomes of the final Sp9509v3 genome assembly. The number below each chromosome number corresponds to its approximate size in Mb. (Figure 3b ). This was a surprisingly small number of rDNA repeats, as A. thaliana and Z. mays have been estimated to contain about 570 and 12 000 copies, respectively, whereas a simple eukaryote like yeast contains~150 copies (Kobayashi, 2014) . In support, we also confirmed that Spirodela has fewer than 100 rDNA copies by Southern analysis using a fragment of the 25S or 18S rDNA from Sp9509 as a probe (Figure 4) , and an estimated 87-94 copies by coverage analysis with our pooled Illumina sequence data (see Experimental procedures). A comparison of four different strains of S. polyrhiza by Southern analysis showed that the copy number of the rDNA clusters is relatively constant between different populations as well (Figure 4 ). The three independent methods thus corroborate a dramatically reduced rDNA copy number of fewer than 100 copies, which could be consistent with the small genome size, reduced gene count and fast life cycle of Spirodela, and suggests that even highly conserved chromosomal features for essential processes are remarkably streamlined in this aquatic species that has a very reduced number of anatomical structures compared with other angiosperms.
Genome-wide distribution of structural features for 20 Spirodela chromosomes
To characterize the architecture of the Spirodela genome in detail, we followed its physical map-validated chromosome sequence assembly with the annotation of genes, repeats, small RNAs, cytosine methylation and non-coding elements, as performed in the ENCODE (Encyclopedia of DNA Elements) projects for the human genome (Kellis et al., 2014) . We used empirical approaches augmented with next-generation sequencing (NGS) data, including genome-wide cytosine methylation from bisulfite-sequencing (bisulfite-seq) and small RNA transcriptomes, to annotate genome features and define the architecture of the 20 Spirodela chromosomes ( Figure 5 ). Genes and transposable elements (TEs) have distinct DNA methylation patterns, with TEs having overall higher methylation compared with genes ( Figure 6 ). Leveraging this relationship during ab initio gene prediction, we confirmed that Spirodela has the fewest protein-coding genes of sequenced angiosperms at 18 507, which is a difference of 1116 genes from that reported for Sp7498 (Wang et al., 2014;  19 623 gene models; Table S3 ). To empirically validate our gene annotation approach (see Experimental procedures), we directly assayed for the presence of the predicted transcripts via RT (reverse transcriptase)-mediated PCR studies that are guided by our RNA-seq data to cover genes expressed both at high and low ranges (Figures S5 and S6) . There are 2162 Sp7498 genes and 1717 Sp9509 genes that are unique but have apparent homologs in the reciprocal Spirodela accessions, whereas 145 and 130 unique genes in Sp7498 and Sp9509, respectively, do not have significant homologs in the other Spirodela genome assembly (Table S3 ). In addition, comparing the predicted proteins from Sp9509 with those of Arabidopsis, Brachypodium, Elaeis guineensis (oil palm), Musa balbisiana (banana), Sorghum bicolor and Oryza sativa (rice), we found 24 344 orthologous clusters, of which 301 (0.01%) are specific to Spirodela ( Figure S8 ). As expected, cytosine methylation, long terminal repeats, tandem repeats and low guanine-cytosine (GC) regions are correlated, whereas genes are anti-correlated with these features (Figures 5 and 6 ; Table S4 ). We also found that the unassembled regions of the genome (Ns) are proximal to repeat regions. Interestingly, the overall DNA methylation level in Spirodela was the lowest among plants tested to date, at 9%, as compared with A. thaliana (32%), rice (39%), Setaria italica (44%) and B. distachyon (54%) ( Table 4 ). Although consistent with the general notion that genome size usually reflects repeat content and DNA methylation levels (Michael, 2014) , DNA methylation in the CpG and CHG context also follows genome size, whereas CHH methylation is constantly low (Table 4) . Nevertheless, the threefold lower methylation content in the Spirodela genome, compared with that in Arabidopsis, appears significant as these two genomes are roughly similar in size (158 Mb versus 135 Mb, respectively), and have similar TE content (~20%).
Centromeres generally contain the highest copy number tandem repeats (TRs) in a genome, and using this rationale, a 138-bp centromere repeat was identified in the The key parameters related to the quality and depth of the two genome assemblies, Sp9509v3 and Sp7498v2, of Spirodela polyrhiza are compared. In addition, the number of annotated genes, total mapped retrotransposons and conserved miRNA species are shown. For miRNAs, the number shown for Sp9509 is obtained through sequence-based transcript mapping, whereas for Sp7498 it was predicted informatically from the genome sequence (Wang et al., 2014) .
Sp7498 raw 454 reads, but was not resolved to a particular genome location (Melters et al., 2013) ; however, we only found the 138-bp TR plus its higher order repeats (HORs) of 29 = 276 and 39 = 414 bp on chromosome 12 of the assembled Sp9509 genome. In contrast, the highest copy number TR in the Sp9509 genome assembly was 119 bp, with HORs of 29 = 238 and 39 = 357 (Figures 7 and S9 ). Likewise, we found that in the Sp7498 genome assembly the 119-bp TR was also a higher copy number than the 138-bp TR that was reported by Melters et al. (2013) from the raw 454 reads. Both the 119-and 138-bp TRs are found in the Sp7498 and Sp9509 genome assemblies, but the 138-bp TR is only found on one chromosome, whereas the 119-bp TR is found on 19 out of the 20 chromosome models of Sp9509 ( Figure S9a ), and generally overlaps with regions of high DNA methylation levels, as expected for centromeric repeats ( Figure 5 ). We also confirmed that the 119-bp TR was the most abundant amongst highly methylated regions of the Spirodela genome, confirming that this specific element was driving DNA methylation in a region and not other TRs ( Figure 7d ). These results suggest that the 119-bp TR forms the centromere array for at least 19 out of the 20 chromosomes in this species. For Chr20, we note that there are 59 repeats of the 119-bp sequence that map to the pool of unassembled scaffolds that may belong to this short chromosome. This is consistent with the fact that we do not find telomeric sequence repeats at the north end of the current assembly for chromosome 20, thus leaving open this possibility. In any case, the difference between our analysis and that of the previous study (Melters et al., 2013) is most likely the result of noise from looking directly at raw reads in the earlier work, compared with the increased resolution of the higher coverage, chromosome-resolved genome assembly used in our study. methylation, TEs and gene distribution, it was also found in clusters across the chromosomes (Figures 7 and S9b). The organization of the 119-bp centromere repeat across some of the Spirodela chromosomes suggest that they could be holocentric, which is consistent with a dispersed heterochromatin signal observed in cytological studies of this species (Cao et al., 2015) ; however, to fully establish that the 119-bp repeat is the centromere in Spirodela will require further studies, for example to map the active centromeric regions using CENH3 antibodies for this species. Small interfering RNAs (siRNAs) in the 22-24 bp size range are known to accumulate on transposable elements (TEs), and have been used as a proxy for TE identification (El Baidouri et al., 2015) . From de novo repeat identification using both homology-based methods and siRNA accumulation data, we concluded that the Sp9509 genome has 25.25% TEs with 20.53% long terminal repeats (LTRs) ( Table 5 ). We predicted 10% more LTRs than the previous work with Sp7498, which could reflect the fact that the published Sp7498 genome draft has 5% more Ns, and that the fivefold lower coverage may not resolve many of the repeat elements. Nine percent of the LTRs identified were unclassified, and we determined a Gypsy/Copia ratio that is similar to other plants at 1.5, which is also significantly different from the anomalous ratio of 3.5 reported in the initial Sp7498 sequence draft (Wang et al., 2014) . These results highlight the importance of using high-depth, empirical data in the annotation of genomes that represent distant clades, such as Spirodela.
We identified 271 full-length Sp9509 LTRs in 113 families (Table S5 ). When LTRs proliferate via copy and paste, they either cause the genome to 'bloat', which has been seen in most large grass genomes, or they are 'purged' through mechanisms like illegitimate recombination (Devos et al., 2002; Michael, 2014) . Illegitimate LTR recombination results in solo LTRs, with one terminal repeat without its pair or internal sequence. In general, genomes that are bloated have low solo:intact (S:I) LTR ratios of <1, whereas genomes that are purging LTRs have high S:I ratios of >1. Remarkably, Spirodela has an average S:I ratio of 8.52, the highest amongst plant genomes that we have examined, with some families of LTRs having more than 200 solos per intact LTR (Table S5) . Consistent with a very high S:I ratio we confirmed that the intact LTRs are old (about 4 Myr; Figure S10 ). As expected, in contrast to genes with low methylation, DNA methylation of Spirodela LTRs is higher (>20% versus 9% genome-wide average; Figure 6 ). Similar results were found in Arabidopsis, where older repeats were highly methylated (Maumus and Quesneville, 2014) . The high S:I ratio and the presence of old, highly methylated LTRs suggests that Spirodela is still in a dynamic state of genome reduction, which is also reflected in its small genome size, low rDNA repeat number and gene count (Michael, 2014) . Single nucleotide polymorphisms (SNPs) and insertions and deletions (INDELs) between the draft sequences of Sp9509v2 and Sp7498v2 are shown. When reads from one strain of Spirodela are used to query the sequence assembly of the same strain, the number of SNPs and INDELs detected provide a measure of the level of heterozygosity in that strain. In both Sp9509 and Sp7498, these values of heterozygosity vary between 0.06 and 0.01%.
Defining the miRNA repertoire of Spirodela under ambient conditions
In addition to confirming the annotation of TEs and genes, we use the small RNA sequence data to empirically annotate microRNAs (miRNAs) in the Sp9509 genome. We found 59 loci encoding highly conserved miRNAs in 22 families that exist in higher plants ( Figure 8 ; Table S6 ). Based only on bioinformatic prediction, it was previously suggested that the Sp7498 genome contains 24 loci that encode miRNA156, whereas only a single locus was identified for miRNA159 (Wang et al., 2014) . In contrast, our sequencebased annotation identified five and three loci, respectively, for miRNA156 and miRNA159, which are similar to other land plants such as Arabidopsis and Glycine max (soybean) (Figure 8 ). In addition to the 22 families of conserved miRNAs, we also discovered 29 novel miRNAs, many of which appear to be Spirodela-specific and only two (novel-6 and novel-14) had significantly similar sequences in oil palm and banana, which are closely related non-grass monocots (Tables S7 and S8 ). Corroborating the bioinformatic prediction of putative targets with RNA-seq data from both mRNA and small RNA-enriched libraries, a total of 991 mRNA transcripts were predicted to be targeted by 29 conserved and 25 novel Spirodela miRNAs (Tables S6, S7 and S9). Many conserved miRNA-target pairs found in other plant species were present in Spirodela, e.g. an auxin response factor (ARF) targeted by miR160, an auxin signaling F-box gene targeted by miR393 and an MYB transcription factor targeted by miR159. Among the 353 mRNA-encoding transcripts that are predicted to be targeted by the 25 novel miRNAs, we found 23 kinase-related genes and six likely transcription factors (TFs). For example, two MADS-box TFs were the likely target of novel-6 and a Serine/Threonine protein kinase target of novel-13. Upon treatment with 1 lM abscisic acid (ABA), which is known to activate the turion induction pathway of frond development (Kuehdorf et al., 2014; and reviewed in Wang et al., 2014) , 28 of these putative miRNA-target mRNA pairs are found to show reciprocal changes in their transcript abundance upon induction by this phytohormone (Table S10) . A genome-wide search of small RNAs resembling transacting-siRNAs (ta-siRNAs) resulted in two TAS3 genes in the Spirodela genome. Further examination revealed that each TAS3 gene encoded two well-conserved ta-siARF siRNAs, which were highly abundant in our small RNA sequencing data. Comparison of ta-siARFs between Spirodela and Arabidopsis showed a high degree of sequence similarity, indicating siRNA-mediated ARF gene regulation is conserved in Spirodela. Moreover, a miR393-targeted transcript was identified as a putative ta-siRNA gene. A homology search identified high sequence conservation of these miR393 binding regions in both oil palm and banana genomes, suggesting that the specific miR393-targeted genes have been under selective pressure to maintain pairing to miRNAs in different monocot lineages.
Streamlining the Spirodela genome via selective gene pruning
Spirodela has undergone two whole genome duplications about 95 Mya, but yet has maintained a small genome size and a large number of chromosomes (Wang et al., 2014) . Comparative analysis of gene copy numbers for several representative gene families between Spirodela and two other model plants (Arabidopsis and Brachypodium) Figure 4 . The Spirodela rDNA cluster has fewer than 100 copies based on Southern analysis. (a) Southern blot hybridization of Spirodela DNA with 25S and 18S rDNA probes. Restriction mapping of rDNA repeat units in Sp9509 and estimation of rDNA copy number in four geographically separated strains of Spirodela. Genomic DNA of four Spirodela strains was digested with restriction enzymes BamH1 (B), EcoRV (E), SacI, separated on 0.8% agarose gel, transferred to Nylon membrane and hybridized with P 32 -labeled ribosomal DNA probes specific for 25S and 18S rDNA. The corresponding rDNA fragments were run on the same gels and included in the composite image as copy number standards (on the left). (b) Deduced restriction map of Spirodela rDNA unit cloned and sequenced from strain 9509. [Colour figure can be viewed at wileyonlinelibrary .com] revealed that most of these gene families in Spirodela have a reduced number of members, as compared with the other two species (Table 6) . A clear exception is found for genes encoding the ferredoxin-dependent glutamine oxoglutarate aminotransferase (GOGAT) enzyme, glutamate synthase, which is known to be important for ammonia assimilation in leaf tissues (Morris et al., 1988) , where Spirodela has six loci whereas the other two model plants had only one or two copies for this gene. An interesting contrast is the apparent amplification of Brachypodium gene members encoding NADH-dependent GOGAT, which is known to specialize for ammonia assimilation in root tissues (Konishi et al., 2014) . The only other Spirodela gene family that was found in this comparative study to have a small increase in numbers encodes two subtypes of lightharvesting chlorophyll-binding proteins. This indicates that the optimization of light absorption under varying environmental conditions may impose a critical selective advantage for the life style of duckweed. Spirodela is highly reduced in its morphology, lacking stems or petioles, and only maintains a single stem/leaf structure (frond), in addition to primary roots (Figure 1a) . Therefore, we asked if Figure 7 . Empirical identification of a hypermethylated 119-bp tandem repeat as a likely candidate for Spirodela centromeres. (a) TANDEM REPEAT FINDER (TRF) was used to identify tandem repeats (TRs) in the Sp9509 genome. The length of a TR array was plotted by the TR length to identify putative centromere repeats. Usually the centromere repeat has the largest number of accumulated bases; however, the 72-and 105-bp TR arrays were larger. (b) To determine which array was the centromere array, all identified TRs were compared by all-by-all BLAST. The only element that had significant self-hits was the 119-bp element; neither the 72-nor the 105-bp TR shared similarity (they were different repeats of either 72 or 105 bp). (c) Centromere repeats should be highly methylated DNA, so we looked at the methylation level of all of the TRs. As expected, the larger the TR array length, the higher the DNA methylation. (d) Looking at just the TRs that are >90% DNA methylated, and plotting by occurrence, the 119-bp element is the most abundant and highly methylated TR.
there was specific evolutionary pressure on gene retention and selective purging of non-essential genes. We identified 63 syntenous regions across the genome that were most likely remnants of past whole-genome duplications (Figure 5 ; Table S11 ). A gene ontology (GO) analysis of genes in these retained regions revealed pathways associated with gene expression and carbon metabolism, in line with the fast growth rate of Spirodela (Table 7) .
DISCUSSION
In the present work, we have successfully combined highthroughput short-read sequencing and single-molecule genome mapping methods to rapidly produce a high-resolution sequence map de novo that resolved a 158-Mb genome to the individual chromosomes from end to end. From this experience, we found that an~2009 coverage for both the short-read sequencing and Irys-generated genome mapping data may be needed to provide sufficient depth for this level of resolution. It would be interesting to test if this level of coverage would also be sufficient for larger duckweed genomes, such as those of Lemna and Wolffia species (Wang et al., 2011) . Although genome physical mapping data have been used successfully to guide genome assembly of fungal genomes, and to help 'polish' completed plant genomes (Hastie et al., 2013; Tang et al., 2015; Van Buren et al., 2015) , our present work illustrated the potential of this technology to successfully close difficult gaps for de novo assembly of a larger eukaryotic genome that contains numerous large repeat regions. Furthermore, we show that single-molecule genome mapping data also provide independent validation of genome assemblies produced from short-read sequencing, and can help localize, as well as quantify, key genome features, such as those of the rDNA repeat clusters. Finally, comparison of genome mapping data between populations of a plant species can produce a genome-wide assessment of their structural variations with unprecedented resolution and ease. Spirodela has the smallest genome of the Duckweed family, at 158 Mb, whereas the Wolffia arrhiza genome is Ten small RNA-enriched cDNA libraries were used to generate 76 million cleaned sequence-reads that were mapped to the genome assembly by LIFESCOPE ALIGNER. One mismatch was allowed and the minimum length was set at 17 nt.
The column to the left shows the designated number for the 22 conserved miRNA families that 59 miRNA-encoding genes from the 9509 genome belong to. The numbers shown denote the copy number of genes in a particular plant species for that miRNA family. ath, Arabidopsis thaliana; egu, oil palm; gma, soybean; mba, banana; mes, cassava; mtr, Medicago truncatula; osa, rice; ppt, Physcomitrella; ptc, poplar; rco, castor bean; vvi, grape.
[Colour figure can be viewed at wileyonlinelibrary. com]
an order of magnitude larger, at 1881 Mb (Wang et al., 2011) . The enigma of why some genomes are small and some are large is known as the C-value paradox (Thomas, 1971; Freeling et al., 2015) . For instance, the carnivorous plant Utricularia gibba, which has a genome of 89 Mb, can purge almost all of its non-coding sequences (Ibarra-Laclette et al., 2013), whereas more typically plant genomes 'bloat' by proliferating LTRs (Michael, 2014) . Spirodela has a minimal genome, in that its nuclear genome is about the same size as that of Arabidopsis, at 158 Mb, but it has 30% fewer protein coding genes and only 15% of the rDNA repeats. These results suggest that there is some pressure on Spirodela to streamline its genome by having fewer genes to maintain and differentially regulate; however, to optimize rapid growth and energy conversion, a few specific gene families involved in ammonium assimilation and light harvesting are maintained or are even amplified (Table 6 ). The mechanisms involved in targeted purging and amplification of particular genes in genomes remain unclear at present. Recently the genome balance hypothesis (GBH) has been put forward as a solution to solve the C-value paradox by invoking the idea of 'balance per se' (Thomas, 1971; Freeling et al., 2015) . The GBH predicts that the balance between repeat sequences (i.e. LTRs), centromere position and gene content is under constant selection to ensure the fidelity of gene expression networks. Although the GBH does not rely on a specific mechanism leading to bloating or purging of DNA, it does build on the idea that LTRs and centromeres are generally silenced by DNA Genes in several relevant pathways of interest in Spirodela were carefully curated in order to determine their genome complexity. These are genes involved in cell-wall architecture modification (extensins, dirigents and expansins), light sensing and harvesting (photoreceptors and antenna proteins), stress responses (ABA receptors and signaling, redox sensing and defense receptors), nutrient absorption (nitrogen assimilation and N/P transport) and small RNA signaling pathways. BLASTP was performed with an Arabidopsis protein sequence from a representative member of each category of these defined proteins against the annotated gene lists of Arabidopsis (TAIR10), Brachypodium (v2.1) or Spirodela (SP9509v3.5). Using the well-curated Arabidopsis genes for each family as a reference for the appropriate cut-off to set the e-value significance, the members of each protein family of interest were identified and tabulated from Brachypodium and Spirodela. For the more complex 'immune receptor' family involved in biotic stress and defense response in plants, the NB-ARC domain (van der Biezen and Jones, 1998) (e-value ≤ 1e À5 ) from Pfam (PF00931) was used with HMMER3 (Eddy, 1998) for hidden Markov modeling to discover genes with this related motif from each of the three plant genomes. Nucleotide-binding leucine-rich repeat (NB-LRR) genes involved in the immune response is a subset of the NB-ARC family. The number of members found in Brachypodium and Spirodela for each gene class of interest are compared with that in Arabidopsis. Genes highlighted in red are those that showed higher numbers than in Arabidopsis, whereas those in green are lower. In both cases, the darker the color means the larger the difference. In cases where there is a threefold or more change in gene family number from that in Arabidopsis, the number is further highlighted in bold. The total number of protein-encoding genes for the respective annotation list is shown at the bottom. methylation, which affects the expression of proximal genes (Kim and Zilberman, 2014) . Similarly, the retention or purging of LTRs, as well as centromere expansion, can affect global gene networks. We note that methylated cytosines are known to be converted at a higher rate to thymines, which can result in faster evolution of highly methylated regions like centromeres and TEs (Mugal et al., 2015) . Consistent with this notion, the conversion of 5- , gene expression related; , carbon metabolism. Genes located at the 63 syntenous regions of the Sp9509 genome are identified based on their location, and grouped according to their GO terms. The number of genes in each GO category and the total number of genes found in the syntenous regions are compared with the expected genome-wide representation of this GO term (expected) to derive the P value of enrichment significance. The gene list is then ordered by the P value of each GO term (from low to high), shown along with the total number of genes found for each category. methylcytosine to uracil results in CpG conversion to AG, and the 'GAGA' motif is highly represented in the Spirodela genome (Wang et al., 2014) . Our results thus indicate that low methylation level across the Spirodela genome could reflect a broad deamination of CpG, whereas duplicated genes important to Spirodela biology may be protected from methylation, and thereby suppressed in their mutation rate. Using the GBH framework to rationalize the unusual structural features of the Spirodela genome that we have uncovered, we suggest that Spirodela has balanced its gene network by purging a recent burst of LTRs, while driving down methylation to protect genes that are essential for fast growth. Chromosome level assemblies coupled to ENCODE-style layering of data for more derived species of duckweed that have larger genomes, such as Wolffia, may enable a further examination of this model of genome architecture dynamics.
EXPERIMENTAL PROCEDURES
Isolation of Spirodela DNA for genome sequencing
Total DNA was isolated from 3 g of aseptically-grown Sp9509 maintained at the Rutgers Duckweed Stock Cooperative (http:// www.ruduckweed.org). For DNA preparation, Sp9509 was grown in sterile liquid Schenk and Hildebrandt (SH) media supplemented with 0.5% sucrose for 1 week. A modified cetyltrimethyl ammonium bromide (CTAB) protocol (Murray and Thompson, 1980) adapted for midi-scale was used. The DNA sample was run overnight on a low concentration agarose gel (<0.5% W/V) to ensure that the DNA has high molecular weight (>40 kb), with Lambda DNA used as a control.
Initial genome sequencing and survey
A total of five paired-end sequencing libraries were constructed by Beijing Genome Institute (BGI) from Sp9509 genomic DNA, with insert sizes of 180 bp, 500 bp, 2 kb, 5 kb and 20 kb. The libraries were sequenced with a read length of 100 bp using the Illumina HiSeq2000 platform. The 180-bp and 500-bp libraries were used for an initial genome survey, generating 9.18 Gb of raw data. After filtering raw sequences to remove low-quality reads, adaptors and likely contamination, 8.36 Gb of cleaned data were produced. Genome assembly was then performed with SOAPdenovo (Li et al., 2010) , producing an assembly with N50 scaffold length of 24 kb at about 55-fold sequencing depth (Table S1 ). The longest contig and scaffold were greater than 38 and 212 kb, respectively; k-mer analysis estimated a 154-Mb genome with low heterozygosity and low repeat content. The 2-, 5-and 20-kb MP libraries generated an additional 4.5 Gb of clean data.
Quality assessment and genome assembly of Illumina sequence data
Raw Illumina data were adaptor trimmed and filtered, and quality-score trimmed and filtered by removing bases with quality values lower than 30 from the 3 0 end of each read. ALLPATHS-LG (Butler et al., 2008) and VELVET 1.2.08 (Zerbino and Birney, 2008) were used to generate assemblies of post-quality controlled genomic data. ALLPATHS-LG produced the assembly of highest quality as measured by the lowest number of scaffolds, greatest N50 and lowest Ns (%), in addition to considering percentage reads used in the assembly (Table S1 ). SSPACE 2.0 (Boetzer et al., 2011) was applied using all quality-controlled data to polish the ALLPATHS-LG assembly, merging and extending scaffolds where possible.
Velvet was next applied in an effort to incorporate highly repetitive sequences. First, all data were aligned to our ALLPATHS-LG assembly with BWA 0.7.5a-r405 (Li and Durbin, 2009 ) using default parameters. Reads that did not align were assembled with VELVET using k-mer sizes 31-51 in increasing increments of 4. The resulting VELVET assemblies were merged, and the longest non-redundant contigs were retained and annotated using BLASTN against the non-redundant database using a maximum e-value of 0.001. Contigs that were annotated with family Viridiplantae and were not annotated as plastid were retained.
The final ALLPATHS+SSPACE optimized genome assembly, designated as Sp9509v1 (column F in Table S1 ), has assembly stats closely mirroring that of the Sp7498v2 reported earlier (Wang et al., 2014; column I in Table S1 ). It should be noted that in the Sp7498v2 assembly, pseudo-molecule zero (po0) is a random collection of all contigs that were smaller than 1 Mb, thus giving rise to an apparently small number of scaffolds (33).
Pseudo-chromosome junction discovery and validation for Spirodela de novo genome maps
Genome-wide sequence comparison between the Spirodela 9509v1 and 7498v2 drafts showed a high degree of identity and colinearity, suggesting the possibility to leverage the non-redundant scaffold information between these two strains of Spirodela to further assemble the 32 pseudo-molecules (7498v2)/super-scaffolds (9509v1). In addition, resolution of ambiguous joint models by direct gDNA-PCR test can potentially identify errors in sequence assembly. To accomplish this draft integration process, we produced a draft gene annotation of the 9509v1 genome, yielding a set of 19 519 gene models, a number similar to the 19 623 predicted genes in the Sp7498v2 draft. Comparative analysis of these two gene lists using BLAST identified 8759 singlecopy genes (about 45% of the total gene set) that are common between the two assemblies ( Figure S1 ). These high-confidence, single-copy genes were then used as spatial anchors to align the respective contigs between the two drafts. As the 7498v2 assembly has been tested in its fidelity by cytogenetic approaches using a collection of BACs (Wang et al., 2014) , and has a slightly longer N50 than the 9509v1 assembly (Table S3) , we initially deferred to the 7498v2 genome when there is a conflict between the two drafts. Using this approach, we first produced a merged map for the two genomes that consist of 21 pseudo-molecules of 1 Mb or larger. As Figure S2a shows, our integration approach correctly identified the mis-assembly of pseudo-molecules po7 and po21, as well as the predicted joining of po25 and po28 from the Sp7498v2 draft, which were deduced previously by multicolor fluorescence in situ hybridization (FISH) analysis with BAC probes (Wang et al., 2014) . In our case, using sequence alignment between the two draft sequences, we were able to incorporate novel contigs from po0 into many of these assemblies using the Sp9509v1 draft as reference. Furthermore, small portions of other pseudo-molecules (e.g. po11, po16) in the Sp7498v2 draft are found to localize elsewhere. These could be missed by cytogenetic approaches because of their limited resolution that is defined by the density of non-redundant probes that were available and used.
In order to validate this merged genome map of the respective contigs from the two sequence drafts, we first aligned respective sequences at the region of the new joins that are proposed in model of Figure S2a . The nearest single-copy genes flanking the putative junction were identified in the 9509v1 and 7498v2 assemblies. Nucleotide sequences between the flanking genes were retrieved from the relevant scaffolds of each genome assembly. The reference sequence (i.e. the one spanning the junction) was aligned with the sequences of the other assembly using bl2seq BLAST. A graphical representation of the BLAST results was carefully examined to determine the most likely alignment between the two assemblies. Gaps and overlaps between adjoining scaffolds were identified. For gaps, the reference sequence in the gap region was BLASTed against the other genome assembly to find small scaffolds that may lie within the gap. Using the sequence information recovered, genomic DNA (gDNA)-PCR reactions were then carried out for both strains of Spirodela in order to validate or discard the proposed joins. Control reactions were also performed to verify that primers annealed efficiently to the template. PRIMER 3 software (Untergasser et al., 2012) was used to select primers 18-22 nucleotides in length and with a melting point (T m ) of 55-62°C. Choice Taq polymerase (Denville Scientific, http://www.-denvillescientific.com) or Phusion DNA polymerase (ThermoFisher, http://www.thermofisher.com) was used in reactions with 30-35 cycles of amplification and an annealing temperature of 50-65°C.
Through this process, we were able to validate most of the new junctions that we had predicted in the first model, except for three of the predicted junctions ( Figure S2b ). Instead, we validated the alternative models. These changes thus resulted in two additional pseudo-molecules, giving a total of 23 ( Figure S2c ). We designate this validated genome assembly as Sp9509v2, with stats available in Table S1 .
BioNano Genomics Irys-enabled genome feature maps and final assembly and validation of end-to-end chromosome sequence maps Physical genome maps were generated for both 9509 and 7498 Spirodela accessions using the Irys platform of BioNano Genomics (Lam et al., 2012) . High molecular weight genomic DNA was isolated from fresh frond tissues using the following protocol. Three grams of fresh Spirodela plants were collected and fixed with 2% (v/v) formaldehyde. After blending with a tissue homogenizer in isolation buffer, a filtration step and Triton-X washing treatment were performed. The nuclei were then purified on Percoll cushions. Nuclei were washed extensively and embedded in low-melting point agarose plugs at different dilutions. Finally, DNA plugs were treated with a lysis buffer containing detergent, Proteinase K and b-mercaptoethanol (BME). DNA was then labeled by motif-specific nicking enzymes, and then linearized on the IrysChip to image the size of DNA fragments, along with its pattern of nick-sites at the single-molecule level ( Figure S3) . Then, the collection of imaged molecules were de novo assembled, as previously described (Cao et al., 2014) , to generate a genomewide nick-site map for both strains of Spirodela.
Using the combination of all nick-site map information from strains Sp9509 and Sp7498, we were able to discover two chimeric sites in po14 and po27 from the Sp7498v2 assembly, in addition to new joins that combine and collapse eight pseudomolecules ( Figure S2d ). The new joint between po9 and po20 that is predicted by the BioNano data contained a sequence gap of about 50 kb, which could not be confirmed directly by gDNA-PCR; however, this prediction is supported by cytogenetic data using FISH with multiple BAC probes from the Sp7498 genome (Cao et al., 2016) . All the other indicated junctions were validated by gDNA-PCR. Thus a final version of the genome map for Sp9509 (designated Sp9509v3) is generated (Figure 1) , along with its stats (Table S1 ), produced after creating the corresponding sequence draft through the addition of information from the Irys-derived physical map.
rDNA identification with BioNano maps rDNA arrays were detected on the Sp9509 and Sp7498 physical maps by scanning the BioNano single molecules and finding uniformly spaced nicks in the assembled genome map, allowing an error tolerance of 10% (stretching variation, extra nicks and missing nicks). Two peaks at 4.5 and 9 kb were identified and both represent the same type of repeats, which is 9.32-kb based on assembly and contains two nicks with intervals of 4.09 and 5.23 kb (Figure 3a) . Consistent with results from mapping in other plant genomes where the rDNA cluster is well defined spatially, this type of pattern matches the rDNA cluster. The candidate rDNA cluster in Sp9509 maps to one end of chromosome 2 on the BioNano genome map and spans >700 kb of sequence, with the longest single molecule covering >400 kb (Figure 3b ). Consistent with this being the rDNA cluster, the only assembled rDNA array (18S-5.8S-25S) in the Spirodela genome sequences was also found on the end of chromosome 2.
DNA extraction, rDNA mapping, cloning and sequencing Total DNA was isolated from aseptically-grown Sp9509 using a modified cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) . Molecular mapping of rDNA repeats was performed by Southern hybridization of duckweed DNA digested by restriction enzymes BamHI, EcoRV and SacI. DNA probes were generated by PCR and labelled with P 32 using Readyto-Go DNA labelling beats (Amersham Biosciences, now GE Healthcare Life Sciences, http://www.gelifesciences.com). PCR primers specific for the 5 0 end of the 18S rRNA gene (DW-18S-for, 5 0 -CTGTGAAACTGCGAATGGCTC-3 0 ; DW-18S-rev, 5 0 -TCCTGTGG TGTTATCCCATG-3 0 ), and the 3 0 end of the 25S rRNA gene (DW-25S-for, 5 0 -CGAGAACAGAAATCTCGTGTGG-3 0 ; DW-25S-rev, 5 0 -GTATTTAAGTCGTCTGCAAAGG-3 0 ) were designed based on the rDNA sequence in the scaffold00015 (Sp7498v1). These fragments were also loaded on the gel, at concentrations corresponding to 100, 250, 500 and 1000 copies per Spirodela genome, and used to estimate Spirodela rDNA copy number on Southern blots (Figure 4) . For sequencing, genomic Spirodela rDNA were cloned as 3.0-4.5 kb, gel-isolated SacI-XbaI fragments into the corresponding restriction sites of plasmid pCR 2.1-TOPO. Bacterial clones containing plasmids with rDNA inserts were selected by colony PCR using the set of 25S rDNA primers described above. Three independent rDNA clones were sequenced using both standard plasmid primers and rDNA-specific primers, designed based on the sequence of scaffold00015 and new information obtained by sequencing progression. In addition to a 5973-bp sequence coding for 18S-5.8S-25S rRNAs, the scaffold00015 includes a 438-bp sequence of the IGS upstream of the 18S gene and 1693-bp IGS sequence downstream of the 25S gene (Figure 4) .
The number of rDNA repeats in Spirodela was confirmed using an alternative approach. As the rDNA copies do not assemble well in NGS-based genome assemblies, only one rDNA repeat was identified on the end of chromosome 2. Therefore, we mapped Illumina short reads (paired end 100 bp with 180 bp insert size) directly to the 18S rDNA sequence to estimate the number of copies by using short-read coverage. We also mapped the same reads to several single-copy genes [GIGANTEA (GI), UDP-D-xylose synthase 2 (AXS2) and LEAFY ( over the 18S rDNA sequence was 68609, whereas the coverage over GI, AXS2 and LFY was 739, 879 and 759, respectively, which gives an estimate of between 87 and 94 copies of the rDNA repeat per 1n genome. To validate the approach we also did the same in Arabidopsis and found 499 copies of the rDNA sequence, consistent with the published number of 570 copies (Kobayashi, 2014) .
Repetitive element annotation
To structurally annotate our genome sequence, we began by discovering repetitive elements through the application of the REPET packages TEDENOVO and TEANNOT (Flutre et al., 2011) . First, the TEDE-NOVO pipeline was invoked. This pipeline compares the genome with itself to identify and classify repeated genomic elements. Allby-all alignments were conducted with NCBI-BLAST+ using default TEDENOVO parameters. LTRHARVEST (Ellinghaus et al., 2008) was used for structural detection. During clustering, GROUPER, RECON and PLIER steps were invoked, both with and without structural detection. Consensus building was performed using default parameters. During consensus, DETECT FEATURES and REPEAT SCOUT (Price et al., 2005) were invoked, and PFAM 26.0 HMM profiles (Punta et al., 2012) and REPBASE 18.08 nucleic acids and amino acids databanks were used. Finally, consensus classification, filtering and clustering were performed using default parameters.
Output from the TEDENOVO pipeline was used as the input to the TEANNOT pipeline. This pipeline mines the genome sequence using repeated sequences identified in the previous TEDENOVO pipeline to produce classified, non-redundant consensus sequences, along with short simple repeats (SSRs), which are exported to GFF3 format. First, a set of perfect matching sequences from the TEDENOVO-output transposable element (TE) library was selected by running a subset of the TEANNOT pipeline, producing a working reference TE library. This TE library was then used in a full run of the TEANNOT pipeline. For alignment of the reference TE library, NCBI-BLAST+ was used, and BLASTER, REPEAT MASKER and CENSOR steps were run both on the reference TE library and on randomized chunks. Filtering was applied using default parameters. SSRs were identified using the crossmatch engine. Merging was performed using default parameters. For comparisons, REPBASE 18.08 nucleic acid and amino acid databanks were used. Finally, filtering was applied using default parameters, and annotations were exported to GFF3 format.
Independently of the REPET pipeline, LTRs were identified using LTR harvest, with default parameters other than -maxlenltr 3500, -maxdistltr 18 000, -motif TGCA, -motifmis 1 and -xdrop 37. Tandem repeats were removed from the LTR_RTs database. Using the SILIX software package, a BLAST 'all versus all' strategy was applied to cluster the repeat family members. All identified LTRs were then compared against a collection of Gypsy and Copia protein sequences for classification. Finally, repeat families were removed if they had only one copy and did not have any significant hit to known LTR-RT proteins. Repeats identified via REPET were non-redundantly merged with those identified via LTRHAR-VEST. This set of repeats constitutes our repeats library. The solo LTRs were only called for families that had at least one intact LTR.
Transcript and genome model validation via PCR-based approaches
Annotated genes common and unique to the 9509 and 7498 genomes were sorted according to fragments per kilobase of gene model per million mapped reads (FPKM) values, based on RNAseq data. Several genes from the top 40 and bottom 40 of each list were selected for expression validation. A minimum FPKM value of 1 was imposed for the bottom-40 set. Gene-specific primer pairs were designed using PRIMER 3 (Untergasser et al., 2012) to amplify cDNA products of 80-200 bp.
Spirodela strains 9509 and 7498 were grown for 17 days on medium containing 0.59 SH basal salts with 0.5% sucrose at pH 6.0 under a 16-h light/8-h dark photoperiod at 22°C. Tissue was frozen in liquid nitrogen and ground in a microcentrifuge tube using a motorized pestle. Total RNA was isolated with the RNeasy Plant Mini Kit (Qiagen, http://www.qiagen.com) and treated with RQ DNase (Promega, http://www.promega.com). Synthesis of cDNA was performed using oligo dT primers and ImProm II Reverse Transcriptase (Promega). The cDNA equivalent of 20 ng total RNA was used in each 20-ll RT-PCR reaction. Amplification occurred over 30-40 cycles.
DNA methylation sequencing and analysis DNA was extracted from Spirodela fronds, and Arabidopsis, rice, Setaria italica and Brachypodium distachyon leaf tissue: 5 lg of bisulfite converted (Gold; Zymo Research, http://www.zymoresearch.com) and non-converted DNA was used to make sequencing libraries (Illumina, http://www.illumina.com). The resulting libraries were checked for quality and quantity using qPCR, Agilent BioAnalyzer and miSeq, and high-quality libraries were sequenced on the Illumina 2500 (Illumina). Resulting sequencing reads were filtered and trimmed for adaptors and quality, and then mapped to the reference genome using a custom pipeline based on BOWTIE and BISMARK (Krueger and Andrews, 2011) .
These data sets are independently aligned to the reference genome plus the Lambda control sequence using BISMARK, which also makes methylation calls for every cytosine encountered in each read. All of the called reads are further processed together using an in-house multi-threaded JAVA application that converts the input alignment file into a tab-delimited file enumerating all of the observed cytosines, and the raw converted and uncovered counts for each. The counts for cytosines in the Lambda genome are used to estimate the bisulfite conversion error rate. Maximumlikelihood estimation is applied using an underlying binomial distribution corrected for the estimated conversion error rate to calculate the observed methylation ratio at each cystosine residue in the genome.
Small RNA and non-coding RNA prediction, and annotation
Ten small-RNA libraries were sequenced separately using SOLiD5500 and mapped to the Sp9509 genome assembly using LIFESCOPE ALIGNER. The minimum length of trimmed reads was set to 17 nt, and one mismatch was allowed in the alignment. The method for novel miRNA identification was described previously (Zhang et al., 2010 (Zhang et al., , 2012 . Homologs of the identified miRNAs were identified by aligning mature miRNA and hairpin sequences to miRBase (http://mirbase.org/search.shtml). Any hit with an e-value below the cut-off of 0.01 was considered a homolog. In addition, the two recently assembled oil palm and banana genomes were included in the analysis. The conservation of the miRNAs in Spirodela was examined in reference to 11 plant species, i.e. oil palm, banana, rice, Manihot esculenta (cassava), Ricinus communis (castor bean), Populus spp., Medicago spp., soybean, Arabidopsis, Vitis vinifera (grape) and Physcomitrella patens (moss). TARGETFINDER (Fahlgren and Carrington, 2010 ) was adopted to identify putative mRNA targets with a cut-off score of 4. To search for trans-acting (ta)-siRNAs, clusters of 21-nt reads enriched in genomic and cDNA sequences were identified as candidates of ta-siRNAs. Specifically, reads aligned with miRNA loci were first removed, and the remaining genome-mappable reads were then clustered within a window of 50 nt to form a putative candidate region. Two stringent criteria, which were previously adopted in Arabidopsis and rice (Howell et al., 2007; Johnson et al., 2009 ), were applied to those candidate transcripts and regions with mapped reads. First, candidates with fewer than 100 mapped reads were removed to ensure a sufficient level of expression. Second, the majority (over 70%) of the mapped reads within a candidate transcript were required to be 21-nt long. The two criteria aimed to filter out false-positive candidates resulting from random RNA degradation or other endogenous small RNAs that do not possess the characteristic of 21-nt enrichment. TARGETFINDER with a cut-off score of 6 was then used to identify putative binding sites of an miRNA on candidate transcripts. A pair of predicted binding sites on a transcript defines a region that serves as a template for synthesizing a double-stranded RNA (dsRNA) for siRNA production.
Synteny analysis
Syntenous regions were identified using SYNMAP (Lyons et al., 2008; genomevolution.org/coge) , where the coding sequences of predicted gene models were compared with each other using BLASTP and DAGChainer (Haas et al., 2004) with a maximum gene distance of 20 and a minimum of six genes to seed a syntenous region. Sixtry-three syntenous blocks representing 1041 syntenous genes were identified ( Figure 5 ; Table S11 ). GO analysis of the 1041 genes revealed an over-representation of gene expression and carbon metabolism genes ( Table 7) .
Analysis of LTR age
Average methylation was quantified across all of the identified LTR fragments and corrected for the conversion error rate. A regression was performed against each LTR family to describe the relationship between percentage and length. Linear, exponential and logarithm regressions were used, and the regression that resulted in the smallest total squared residuals was retained. All of the families were hierarchically clustered using the L2 norm between the corresponding regressions. This produced two distinct families of LTRs with a small number of other families that fit into neither family. Methylation was compared between the different families of LTR and found to be different (P < 1e
À16
) between the two primary clusters, with cluster 1 having on average twice the methylation of cluster 2. DNA methylation was also examined with respect to percentage divergence within each cluster. Cluster 1 did not exhibit a significant trend with age; however, in cluster 2 the average methylation level increased with age.
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